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In the province of Chiang Rai as well as the other provinces in Thailand, the acid-fast bacillus (AFB) sputum-smear test is used in combination with chest X-ray and observation of clinical symptoms to diagnose TB in the hospital setting. Patients diagnosed in this way are registered as TB patients. This is followed by solid mycobacterial culture, which requires a long waiting period (approximately 1 month), to make a more conclusive diagnosis. Mycobacterium tuberculosis and nontuberculous mycobacteria (NTM) are not distinguished in the current practice. Liquid mycobacterial culture, which is faster but much more expensive, is used only for highly suspected TB cases in order to obtain a more definite diagnosis or for drug susceptibility testing (DST). Mycobacterial growth indicator tube (MGIT) 960 is an industry gold standard liquid mycobacterial culture apparatus, but due to its higher operational cost, it has limited use in resource-limited settings such as Chiang Rai, Thailand (3) .
The microscopic observation drug susceptibility (MODS) assay is a rapid, economical, and highly sensitive/specific method for the detection of M. tuberculosis and DST directly from a sputum sample which was developed by a research team in Lima, Peru (4) . The test uses 24-well plates with four wells for a single patient specimen: two wells are drug free, while the other two wells contain RIF and INH. After inoculation, the plates are sealed in ziplock bags and then incubated. M. tuberculosis from sputum is rapidly grown in a liquid medium, and a diagnosis is made using morphological characterization patterns specific to M. tuberculosis following inoculation under an inverted light microscope (4) . MODS has also been recommended by the World Health Organization (WHO) as an affordable and highly effective alternative to existing gold standard liquid mycobacterial culture methods for testing sputum samples of TB-suspected individuals (5) .
Despite this, MODS is not widely used in resource-limited settings due to concerns regarding biosafety and efficiency for handling large numbers of samples (6) . With respect to biosafety, the MODS assay uses liquid wells; manipulation of these liquids for inoculation carries the risk of aerosolization, spillage, cross-contamination, and occupational infection, though sealed plates may minimize this risk (6, 7) . MODS also requires manual reading of each individual well by trained laboratory professionals, which requires both time and human resources given that a large number of sputum samples may need to be tested in high-TB-burdened settings. Moreover, there is also concern about MODS' ability to differentiate M. tuberculosis and NTM (7) .
In this study, we evaluated the automated MODS (Auto-MODS), which was developed by the TB/HIV Research Foundation (THRF) in Chiang Rai, Thailand, in collaboration with University of Alberta, Canada, to address these concerns. We compared the performance of Auto-MODS for TB diagnosis and DST in reference to the gold standard method used in Thailand, i.e., MGIT 960 plus the SD Bioline TB Ag MPT64 (SD Bioline) test, in the real clinical setting of Chiang Rai, Thailand.
MATERIALS AND METHODS
Ethics. The protocol of this study was approved by the Chiang Rai Regional Hospital Ethics Committee, Thailand, and University of Alberta's Health Research Ethics Board, Canada. The study was approved by the Department of Disease Control, Ministry of Public Health, Thailand.
Study patients and sample collection. In the current clinical practice of Chiang Rai, Thailand, patients are diagnosed and registered as TB patients based on the AFB sputum smear test, chest X-ray, and clinical presentation. Since the diagnosis is made by physicians without mycobacterial culture results, we refer to these patients as "clinically diagnosed," to indicate that the clinical diagnosis does not necessarily reflect the true TB status (which is defined by the gold standard, MGIT 960 plus SD Bioline).
Since 1996, clinically diagnosed TB patients in all 17 hospitals across Chiang Rai, Thailand, have been registered and required to send sputum samples to the mycobacterial laboratory of Chiang Rai Regional Hospital. Sputum samples routinely received from May 2011 to March 2012 were consecutively recruited into our study. Additionally, we collected samples from individuals who visited the same 17 hospitals between June 2012 to September 2012 and who were clinically diagnosed as non-TB patients.
The following inclusion criteria were used: (i) incident TB, defined by a clinical diagnosis; (ii) clinical diagnosis of non-TB with negative AFB smear test results; (iii) age of 18 years or older at clinic visit; and (iv) sputum samples collected prior to, or up to 2 weeks after, treatment initiation. Sputum samples that had a volume of less than 1 ml, that arrived at the laboratory without proper packaging, or that were cultured more than 1 week after arrival and those from extrapulmonary-TB patients were excluded from the study.
Laboratory methods. (i) Specimen processing. To enhance the reliability of sampling and to obtain the most biologically active samples, each patient was asked for 3 sputum samples at three different times within 1 week. Only one sample was kept for culture in our study: if all 3 sputum samples were AFB smear negative, then the most active AFB smear-negative sputum sample (usually the most recently collected one) was kept. Otherwise, the most active AFB smear-positive sputum sample was chosen.
Sputum samples were immediately and safely stored after sampling in a refrigerator between 2°C and 8°C and were cultured within 7 days. All sputum samples were decontaminated and inoculated using the sodium hydroxide-N-acetyl-L-cysteine method (8) and were subsequently split into four aliquots, 500 l, 500 l, 300 l, and 100 l, to be used for MGIT 960 culture, Auto-MODS culture, Ogawa culture, and AFB smear slides, respectively. The detailed sample processing procedure is shown in Fig. S1 in the supplemental material.
(ii) MGIT 960 culture and SD Bioline test techniques. MGIT 960, which was endorsed in 2007 by the WHO (9) , served as the gold standard reference method in this study in identifying culture-positive samples (either TB or NTM) and drug-resistant TB. The SD Bioline test, an immunochromatographic assay using mouse monoclonal antibodies to detect MPT64 antigen/protein, which is specific for M. tuberculosis complex, was used in combination with the MGIT 960 to distinguish TB and NTM in the National Tuberculosis Reference Laboratory (NTRL) as a routine reference method (10) . Our goal was to evaluate the performance of Auto-MODS against MGIT 960 plus the SD Bioline test.
Mycobacterial culture by MGIT 960 was performed at the mycobacterial laboratory of the Chiang Rai Regional Hospital. Culture-positive samples were subcultured to obtain mycobacteria isolates and were then sent to the NTRL in Thailand, where the SD Bioline TB test was used to distinguish TB and NTM and DST by MGIT 960 was conducted to identify drug-resistant TB cases. This is a routine process in Thailand, as mycobacterial culture can be done in mycobacterial laboratories of regional hospitals, while DST can be done only at the NTRL to ensure biosafety. The MGIT 960 culture testing and DST adhered strictly to the guidelines outlined in the official MGIT 960 manual (11) .
A culture result was determined by the MGIT 960 instrument and then confirmed by visual observation of cord formation followed by an AFB smear test. A culture-positive result was reported only if the MGIT 960 instrument and AFB smear test both showed a positive result. A culturenegative result was reported if a positive culture result was not observed for 42 days. Contaminated culture results were confirmed by visual observation of rapid overgrowth and clouding of the MGIT 960 tube.
(iii) Auto-MODS culture techniques. The techniques of the original MODS assay have been described previously (4, 12) . Briefly, broth cultures are prepared in a 24 well-plate apparatus with 4 wells per sputum sample (2 well with culture, 1 well with INH, 1 well with RFP). To minimize cross-contamination and occupational exposure, it is recommended that plates be permanently sealed inside plastic zip-lock bags after inoculation. The cultures in each well are examined under an inverted light microscope.
Four modifications to the original MODS assay (4) were made for Auto-MODS.
(a) Modification 1. To reduce the risk of occupational exposure to and cross-contamination between samples, 1.5-ml screw-cap tubes were used instead of the well plates.
(b) Modification 2. To differentiate TB and NTM, a p-nitrobenzoic acid (PNB)-containing tube was used. The growth of M. tuberculosis is inhibited by PNB, whereas NTM (including species such as Mycobacterium chelonae, M. kansasii, the M. avium complex, and M. marinum) are resistant (4, 13, 14) . Auto-MODS therefore uses 5 tubes for each sputum sample (2 tubes with culture, 1 tube with INH, 1 tube with RFP, and 1 tube with PNB) (Fig. 1) .
(c) Modification 3. To enhance biosafety and to reduce the humanresource need for frequent reading, a computer-assisted digital camera to automatically and consecutively take images of each tube was used in Auto-MODS (Fig. 2) . Images taken by the digital camera once per day were automatically transferred to the computer and available for daily visual reading by the laboratory technician directly on the computer screen.
(d) Modification 4. To enhance the digital image quality by reducing background noise, a low-speed centrifuge was applied to remove large particles in the liquid before inoculation of each sample into the Auto-MODS tube (see Fig. S1 in the supplemental material).
The identification of TB and testing of drug susceptibility were performed simultaneously using Auto-MODS. The Middlebrook 7H9 broth culture was used (15) . The concentrations of PNB, INH, and RFP used in each tube were 0.5 mg/ml, 0.1 g/ml, and 1 g/ml, respectively. Tubes were incubated at 37°C in an incubator and images were captured by a computer-assisted digital camera daily from each tube automatically. Both the incubator and the digital camera were integrated into the Auto-MODS system.
The criteria for interpretation of Auto-MODS results were the same as those for MODS (15) , except for one change: if one of the two tubes with culture was positive and the other was contaminated, the result was interpreted as positive. The remaining three tubes were examined only if the culture result was found to be positive. In addition to the culture-positive result, a negative PNB (no growth of TB) tube was interpreted as TB positive and a positive PNB tube was interpreted as NTM. Growth in a drug-containing tube indicated resistance against the corresponding drug.
For the purpose of quality control, three positive-control tubes were used for each run of Auto-MODS, containing (i) M. tuberculosis H37Rv; (ii) an INH-resistant strain; and (iii) an RFP-resistant strain. In addition, we used a tube with NTM as a non-TB control in each run.
(iv) Ogawa solid culture. The Ogawa solid culture method is a highly sensitive and specific method and is routinely used in Chiang Rai, Thailand, for the majority of TB sputum samples due to a relatively low cost. The Ogawa solid culture was also performed in this study for the purpose of evaluating the speed of Auto-MODS.
(v) Result reading. All readings of the Auto-MODS cultures and MGIT 960 cultures conducted in the mycobacterial laboratory of the Chiang Rai Regional Hospital were performed by the same technician directly on the computer screen after a digital image of the sample tube was taken. The technician, B.C., is a certified medical technologist and the laboratory coordinator for the TB/HIV Foundation. He has over 20 years of experience working as a laboratory technician, and he had worked with the original MODS for over 6 months and handled over 300 samples during that time. He was blinded to the culture results of one test when he read the results of the other test. For Auto-MODS, only the captured digital images, not the actual tubes, were read.
Statistical analysis. Sensitivity, specificity, and positive and negative likelihood ratios were calculated to evaluate the performance of Auto-MODS in reference to MGIT 960. The proportion of contamination and the median time to culture positivity of both Auto-MODS and MGIT 960 were calculated. McNemar's test was used to compare the contamination rates of Auto-MODS and MGIT 960. For samples that were culture positive by both Auto-MODS and MGIT 960, the times to culture positivity in Auto-MODS and MGIT 960 were compared using the Wilcoxon signed-rank test. A P value less than 0.05 was used to indicate statistical significance. The 95% exact confidence intervals (CIs) were calculated under the binomial assumption. Stata 12.0 software was used for statistical analysis.
RESULTS
A total of 380 sputum samples from clinically diagnosed TB patients and 138 from clinically diagnosed non-TB subjects were collected. Among clinically diagnosed TB patients, 39 were excluded due to nonincident cases, 7 were excluded due to age under 18, 53 were excluded because they had already been receiving treatment for more than 2 weeks, 18 were excluded because sam- ples were cultured more than 1 week after collection, and 6 were excluded because the site of TB was extrapulmonary. Among clinically diagnosed non-TB subjects, 3 were excluded due to age under 18. Therefore, a total of 257 clinically diagnosed TB patients and 135 clinically diagnosed non-TB subjects were included in the study. The characteristics of these 392 patients are shown in Table 1. A total of 392 sputum samples were cultured by both MGIT 960 and Auto-MODS. Among these, 6 sputum samples were contaminated during both the MGIT 960 and Auto-MODS culture process; 11 samples were contaminated during the MGIT 960 culture process only; and 12 samples were contaminated during the Auto-MODS culture process only. There was no statistically significant difference in the contamination rate: 4.3% for MGIT 960 and 4.6% for Auto-MODS (P ϭ 0.83). Both culture methods conducted in the Mycobacterial Laboratory in Chiang Rai Regional Hospital meet the contamination rate criterion of less than 8% (11) .
In addition, three clinically diagnosed TB samples were excluded from the analysis because the image taken by the Auto-MODS digital camera was too dark to lead to a confirmed result. In total, this left us with 360 sputum samples for comparative analysis. The recruitment of subjects and culture results is shown in a flowchart (Fig. 3) .
Auto-MODS performance in reporting culture results. The validity and speed of Auto-MODS in reporting the culture positivity were evaluated in reference to MGIT 960 culture: that is, we Tables S1 and S2 in the supplemental material). The culture results, overall analysis results, and sensitivity and specificity estimates based on AFB smear-positive and AFB smear-negative samples separately are shown in Tables 2 and 3 .
Speed. For the 221 true-culture-positive samples, the median time to culture positivity was 10 days (interquartile range [IQR], 8 to 13 days) for Auto-MODS. Ninety percent of those samples were culture positive within 3 weeks. This is statistically and clinically meaningfully faster than the Ogawa solid culture method, which has a median time to positive culture of 30 days (IQR, 23 to 40 days) (P Ͻ 0.0001). Auto-MODS was statistically slower than the gold standard method, MGIT 960, which has a median of 6 days (IQR, 5 to 9 days) (P Ͻ 0.0001) (Fig. 4) .
Reporting NTM and drug susceptibility testing (DST). The performance of Auto-MODS in distinguishing TB and NTM and drug susceptibility testing was evaluated based on the 212 samples that were culture positive by both MGIT 960 and Auto-MODS. Of the 212 positive culture samples, 188 remained for further analysis: 8 samples were excluded due to contamination by Auto-MODS in either the PNB tube or drug-containing tubes, and 16 samples were excluded because of the limitations of conducting DST by MGIT 960 (the subculturing process resulted in contaminated mycobacterial isolates or it did not yield sufficient mycobacterial isolates).
Among these 188 samples, both the SD Bioline test and Auto-MODS identified the same 183 TB samples and the same 5 NTM samples. DST results for the 183 TB samples in MGIT 960 and Auto-MODS are presented in Table 4 .
Of the 3 rifampin-resistant TB samples and 13 isoniazid-resistant TB samples, Auto-MODS reported 3 (100%) and 12 (92.3%), respectively. Among these, there were 3 MDR-TB samples (both rifampin and isoniazid resistant), all of which were reported by Auto-MODS (100%). The sensitivity is not reported here due to the limitation of small sample size for drug-resistant TB. The specificity values for detection by Auto-MODS of rifampin-susceptible TB, isoniazid-susceptible TB, and non-MDR-TB were 100% (95% CI, 98.0% to 100%), 98.2% (95% CI, 94.9% to 99.6%), and 100% (95% CI, 97.9% to 100%). Thus, Auto-MODS is a highly specific test for DST.
DISCUSSION
Missed and misdiagnosed TB cases are key concerns preventing effective control of TB; 2.9 million missed TB cases occurred worldwide in 2012 (1). Given the high disease burden and constrained financial and technical resources in developing countries, conventional tools for rapid TB detection and DST, such as the gold standard MGIT 960, are not practical because of high operational costs and advanced laboratory requirements.
The MODS is a noncommercial laboratory method which is feasible for use in any laboratory setting that is equipped with an incubator, a centrifuge, and an inverted light microscope (4, 12) . Numerous studies have demonstrated MODS to be a valid and cost-effective alternative tool for TB diagnosis in resource-limited settings (4, 6, 12) . However, the MODS requires a greater work- force and has biosafety concerns, which restricts its use in hospital settings (12) . The samples used in this study came from actual patients who were seeking a TB diagnosis in the highly TB-burdened and resource-limited setting of Chiang Rai, Thailand. Sputum sample collection, transportation, storage, and processing were conducted through the routine system currently used in Chiang Rai, Thailand. Thus, the strength of our study is rooted in its clinically relevant, real-world design. One limitation of our study is that no back-up samples were stored, so we were unable to report results for the approximately 5% of the samples that were contaminated. Another limitation is that the reference methods, MGIT 960 and the SD Bioline TB test, may not fully correspond to the truth, but the potential degree of misclassification should be minimal.
We found Auto-MODS to be both a highly sensitive and specific test for TB detection. When a culture-positive result is reported by Auto-MODS, we can effectively rule in the diagnosis of TB. When a culture-negative result is reported by Auto-MODS, we can effectively rule out the diagnosis of TB. This means that Auto-MODS has a low risk of missing TB cases, which qualifies it as a highly sensitive screening assay for an infectious disease like TB. Also, the first priority in the 2013 WHO global TB report for combatting TB is to reach the missed cases (1). In practice, if the culture results by Auto-MODS are to be used in combination with AFB smear results to draw a diagnosis conclusion, patients with negative AFB smear results should be diagnosed as TB patients if the Auto-MODS culture result is positive.
The high specificity of Auto-MODS in performing DST means that once a positive drug-resistant result is reported by Auto-MODS, we have confidence in diagnosing a patient as having drug-resistant TB. However, due to the small sample size of MDR-TB in our study, the evaluation of the sensitivity of Auto-MODS in performing DST requires further study.
Auto-MODS presents several potential advantages for its use in hospitals. (i) All samples are cultured in screw-cap tubes, reducing the biohazard risk to laboratory operators. This is expected to also reduce cross-contamination after inoculation (although it is possible that cross-contamination may already have occurred prior to inoculation). In our study, among 392 cultured samples, there were 4 samples that were culture positive in one of the two tubes with culture and contaminated in another. Three of them were truly positive according to the gold standard MGIT 960. Thus, only one sample might be cross contaminated. (ii) The automatic image capturing system contributes to reduced human effort and increased biosafety. (iii) Digital copies of the culture results by an assisted computer enable sharing and review of the results, even remotely, at any time. (iv) The five-tube design simplifies the culturing and DST into a one-step process. (v) A PNB tube was used to differentiate between TB and NTM. The use of PNB in combination with liquid culture methods such as MGIT 960 and MODS to distinguish TB and NTM has been reported in other studies (13, 16) . However, it is important to note that PNB may not be able to inhibit the growth of rapid growers other than NTM that have a cord factor. This is a limitation of both MGIT 960 and Auto-MODS.
Compared to MGIT, Auto-MODS might have a lower biohazard risk, because tubes were not opened during the culturing process. Meanwhile, MGIT is opened when there is a high TB count in the culture, samples are smeared on slides, and the tubes are subsequently reinoculated for DST; these processes carry significant biosafety concerns. However, caution should be exercised by technicians because both MGIT and Auto-MODS require decontamination of sputum samples, which also involves substantial biohazard risk.
The time to report DST results is the same as the time to report culture positivity in Auto-MODS, based on the rationale of our design. However, in addition to the time of reporting TB cases, approximately another 7 days is needed to report drug susceptibility results by MGIT 960, given that DST process is performed after the mycobacterial culture in MGIT 960 and subculture on solid media. Also, in Chiang Rai, Thailand, DST is routinely performed at the NTRL, which requires an additional subculture and waiting time to receive results; this also increases the likelihood of contamination.
However, compared to the gold standard, MGIT 960, which is able to test different sample types (i.e., urine and cerebrospinal fluid), Auto-MODS is currently limited to sputum samples from pulmonary-TB patients. Also, the automatic image-capturing system had two drawbacks: (i) compared to MODS, a slightly longer time to culture positivity was observed (4, 12) , and (ii) of the 257 sputum samples from clinically diagnosed patients, Auto-MODS failed to report results for 3 samples because the captured images were too dark at the start and it was not possible to observe cord formation. Future work to fine-tune the automatic image capturing system should consider this point.
Recent work using an autofocus algorithm for automatic diagnosis through pattern recognition has already shown promise for TB detection in resource-limited settings, further reducing the need for manual labor (17, 18) . Our team is also near completion of an image analysis algorithm for fully automated pattern recognition (19) .
These modifications came at a slightly increased cost for initially setting up Auto-MODS ($7,000) compared to MODS ($5,000 [$3,000 for machine and $2,000 for incubator]). But the consumption costs are the same for Auto-MODS and MODS in terms of TB detection and two-drug DST, at approximately $2.00 per sample. As for labor costs, although they were not evaluated in this study, it is reasonable to expect lower labor costs of Auto- 
